Antimicrobial peptides (AMPs) are small, naturally occurring peptides that exhibit strong antibacterial properties generally believed to be a result of selective bacterial membrane disruption. As a result, there has been significant interest in the development of therapeutic antibiotics based on AMPs; however, the poor understanding of the fundamental mechanism of action of these peptides has largely hampered such efforts. We present a summary of computational and theoretical investigations of protegrin, a particularly potent peptide that is both an excellent model for the mechanism of action of AMPs and a promising therapeutic candidate. Experimental investigations have shed light on many of the key steps in the action of protegrin: protegrin monomers are known to dimerize in various lipid environments; protegrin peptides interact strongly with lipid bilayer membranes, particularly anionic lipids; protegrins have been shown to form pores in lipid bilayers, which results in uncontrolled ion transport and may be a key factor in bacterial death. In this work, we present a comprehensive review of the computational and theoretical studies that have complemented and extended the information obtained from experimental work with protegrins, as well as a brief survey of the experimental biophysical studies that are most pertinent to such computational work. We show that a consistent, mechanistic description of the bactericidal mechanism of action of protegrins is emerging, and briefly outline areas where the current understanding is deficient. We hope that the research reviewed herein offers compelling evidence of the benefits of computational investigations of protegrins and other AMPs, as well as providing a useful guide to future work in this area.
Introduction
Antimicrobial peptides (AMPs) are important components of the innate immune systems of countless animal species, where they act as an effective, largely non-discriminatory first line of defense against invading pathogens [9, 21, 47, 110, 111] . Spurred by the pro-and identify the mechanistic steps and structural features that are most amenable to engineering. Given the tremendous diversity in the amino acid sequences and secondary structural features of these peptides -including ␣-helical, ␤-sheet, unstructured and loop-structured peptides [32, 107] -it is no surprise that no single mechanism of action appears to fit all observed AMP behaviors [21] . However, a large body of evidence supports the notion that many AMPs act primarily by targeting and disrupting the cell membranes of bacteria [4, 9, 17, 57, 76, 79, 105, 111] . Because of this highly nonspecific target, the hope is that AMP-based antibiotics can provide a long-term solution to antibiotic-resistant pathogens [32] .
Research efforts to date have focused on several model AMPs, all of which show promising therapeutic potential. The most studied peptides include alamethicin, magainin, melittin and ovispirin from the ␣-helical structural class, defensins and protegrins from the ␤-sheet class, and indolicidin from the unstructured class. For broad reviews of AMPs across all three major structural classes, the reader is referred to [9, 21, 32, 47, 110, 111] ; this review focuses on protegrins [54] , with a view to simulation and modeling efforts. The common theme among experimental and computational biophysical studies of protegrins (and indeed of all of the peptides mentioned above) is the interaction of these peptides with lipid bilayers and other membrane-mimicking environments. Although some studies suggest that AMPs may in fact act at an intracellular level [31, 33, 107] , the bulk of the evidence points to the bacterial membrane as the primary target. This is especially true of protegrin, for which it has been shown that membrane disruption correlates with antimicrobial activity [57, 76] ; that substitution of d-amino acids causes no loss of activity, ruling out specific intracellular targets [17] ; and that exposure to protegrins causes uncontrolled potassium leakage consistent with membrane permeabilization prior to cell death [5] . As such, protegrins have emerged as one of the leading model peptides for both experiments and simulations on account of their antibiotic efficacy, the wealth of biophysical data available, and their amenability to computer simulations due to their small size and rigid structure. Given the breadth of computational studies of protegrin to date, we believe a complete review of these efforts is essential in summarizing and guiding future work in this area, as well as in compiling and highlighting the main insights gained from computational approaches thus far. We do not discuss computational work with other peptide systems except where it pertains directly to protegrins; for reviews of simulation efforts relating to other AMPs, the reader is referred to [8, 77, 99] . We first review some of the key biological and biophysical characteristics of protegrins, including a summary of their hypothesized mechanism of action. The remainder of the review is organized according to various aspects of this mechanism of action, with modeling work generally discussed in order of increasing complexity.
Protegrins are a family of peptides originally isolated from porcine leukocytes [54] . Currently, there are five known naturally occurring members of this family, and dozens of mutants have been synthesized [17, 26, 80] . Protegrins have shown a broad spectrum of activity against both Gram-positive and Gram-negative bacteria, including E. coli, P. aeruginosa, and N. gonnorhoeae [54, 82] , as well as the fungus C. albicans and the HIV-1 virus. The minimum inhibitory concentration (MIC) of protegrin-1 (PG-1), the most common form, is on the order of 1 g/mL against several bacterial strains [80] . However, the potent naturally occurring peptides also exhibit high levels of toxicity against human epithelial cells and red blood cells. A larger data set presented in Table 1 of Ref. [80] includes more detailed activity/toxicity measurements for numerous protegrin mutants.
The naturally occurring protegrins are between 16 and 18 amino acids long, and are rich in positively charged arginine residues. Their defining feature is an anti-parallel ␤-hairpin structure, stabilized by two cysteine-cysteine disulfide bonds between the two Fig. 1 . The structure of PG-1, the most common naturally occurring protegrin variant. Arginine side chains are shown in blue ball-and-stick representation, cysteine-cysteine disulfide bonds are shown as yellow bonds, and the backbone is shown as a ribbon. The amphipathic nature of the molecule can be seen by the color-coding of the backbone: green corresponds to weakly hydrophilic, neutral residues; blue corresponds to charged, hydrophilic residues, and white corresponds to hydrophobic residues. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) strands of the hairpin. The solution structure of the most common naturally occurring protegrin variant, denoted PG-1 (amino acid sequence RGGRLCYCRRRFCVCVGR-NH2), is shown in Fig. 1 . This structure is based on the NMR study conducted by Fahrner et al. [22] , and is available in the protein data bank [3] (PDB code 1PG1). The disulfide bonds spanning the ␤-hairpin impose rigid constraints on the peptide structure. This has the effect of confining the positively charged, highly hydrophilic arginine residues in distinct spatial regions -the two termini, and the ␤-hairpin turn -while the remaining structure consists largely of hydrophobic residues (Fig. 1) . Its rigid structure thus gives PG-1 its amphipathic nature, common to many other AMPs. Due to the highly constrained hairpin structure, the structure of PG-1 is not expected to undergo significant changes upon association with membranes or upon oligomerization, which is particularly fortuitous for simulation efforts, where conformational sampling is often a limiting factor. The highly cationic charge of protegrins (and many other AMPs) is hypothesized to be essential to their ability to bind more strongly to bacterial cell membranes, which contain a significant portion of anionic lipids, as opposed to mammalian membranes, which are primarily composed of zwitterionic lipids [110] .
The currently accepted model of protegrin action against bacteria involves the electrostatic attraction and adsorption of cationic protegrin peptides to anionic bacterial membranes [28, 30, 41, 73] , followed by dimerization of the peptides [12, 13, 75] , insertion into the hydrophobic membrane core [35, 36, 108] , formation of higher aggregates (4-5 dimers) [74, [95] [96] [97] , and eventually formation of transmembrane pores that cause an unrestricted, lethal flux of ions and other molecules from the cytoplasm [5, 72, 92, 109 ] (see Fig. 2 ). The precise order of these steps, the molecular interactions responsible for them, the thermodynamic driving forces and the kinetics involved in all of these steps are largely unknown. Given the extremely fast dynamics, small scales and complex solution-state nature of these processes, computer simulations can provide an excellent complement to experimental investigations and greatly enhance the level of detail attainable experimentally. Computational work to date relating to these key aspects of the mechanism of action of protegrin is reviewed herein, along with brief descriptions of pertinent experimental data.
The majority of computational investigations of biomolecular systems are performed using some form of molecular dynamics (MD) simulations. In fully atomistic MD simulations, all atoms, including the oxygen and hydrogen atoms of water molecules, are modeled explicitly and assigned fixed masses and charges; in coarse-grained simulations, an interaction site can consist of several atoms, or the solvent may be represented based on a continuum theory such as the Poisson-Boltzmann theory, as discussed below. In both types of MD simulations, atoms or sites are allowed to interact via Coulombic and van der Waals forces, as well as short-range bonded interactions. Both nonbonded and bonded interactions are computed based on a self-consistent, empirically derived force field (e.g. CHARMM [71] , GROMOS [100] , AMBER [19] ). Based on these interactions, forces are computed on each atom, and the equations of motion are solved numerically to propagate the system forward in time. Classical MD simulations, as opposed to more rigorous, quantum mechanical simulations, maintain a tractable balance between computational cost and modeling detail. Fully atomistic MD simulations currently represent the most rigorous and detailed simulations of antimicrobial peptides; such a high level of detail is often indispensible in order to capture many of the key structural features and interactions of antimicrobial peptides such as protegrin.
Molecular dynamics simulations of peptides interacting with micelles
The first fully atomistic MD simulations of protegrin peptides were performed using zwitterionic dodecylphosphocholine (DPC) and anionic sodium dodceylsulfate (SDS) micelles as mammalian and bacterial membrane mimics, respectively [6, 60, 61, 63] . Although both micelles differ from cell membranes in shape, size and the chemistry of their constituent lipid molecules, it was hoped that the fundamental similarity of having a hydrophobic core surrounded by a flexible, hydrophilic interface is sufficient to capture some of the features of peptide-membrane interactions, and that the negatively charged SDS head group and the zwitterionic DPC head group can approximately model anionic bacterial and zwitterionic mammalian cell membranes, respectively. In particular, these simulations aimed to identify which residues have the highest affinity for the two different membrane environments, and consequently suggest mutations that would maintain or improve activity (i.e. strengthen interactions with SDS micelles) and reduce toxicity (i.e. weaken interactions with DPC micelles). The primary advantage of using micelles as membrane mimics in MD simulations is the much shorter time scale of lipid relaxation as compared to lipid bilayers (0.5-2 ns in micelles as compared to 20 ns in lipid bilayers [52] ). Additionally, peptide-micelle simulations contain a smaller number of atoms than lipid bilayer simulations, and are not plagued by the issues surrounding simulations of lipid bilayers (correct choice of ensemble, advance knowledge of the area per lipid, choice of surface tension value) [2, 18, 23, 24, 42, 46] . The ability to run smaller and shorter simulations is essential for the simulation of multiple protegrin mutants, which would otherwise represent a daunting computational challenge for lipid bilayer systems. As far as we are aware, the only MD simulation studies to date involving multiple protegrin mutants have been carried out in lipid micelles. A review of some of our simulation work with several classes of AMPs using micelles as membrane mimics is available [52] .
Langham et al. carried out a 13 ns MD simulation of PG-1 interacting with an SDS micelle and compared the results to a 40 ns simulation of PG-1 interacting with a DPC micelle [61] . In both cases, the peptide was initially placed at the center of the micelle in order to avoid any bias toward a particular orientation, and the simulation was considered equilibrated when the peptide position with respect to the micelle had stabilized. The peptide was found to diffuse toward the surface of both micelles, and converged to the same location as in simulations that were started with the peptide outside of the micelles. At its equilibrium location, PG-1 was more deeply inserted into the DPC micelle, but showed a preference for the surface of the SDS micelle. The equilibrium orientations of the peptide in the two simulations were found to be reversed, in that strand 1 (RGGRLCYCRR) was closest to the center of the SDS micelle, while strand 2 (RFCVCVGR), which is more hydrophobic, was closer to the center of the DPC micelle. This led the authors to suggest that strand 1 is more important for bactericidal action, while strand 2 is more important for toxicity; therefore, mutations of strand 2 could reduce toxicity without having an adverse effect on activity. In a subsequent study, the authors carried out simulations of three PG-1 mutants in DPC and SDS micelles [60] . The three mutations consisted of replacing the final three residues of strand 2 in PG1 (VGR) by a single residue (T, I or E for the three different mutants). It was found that while they interacted with SDS micelles differently, all three mutants inserted to an equal depth in these micelles, which was consistent with experimental measurements that show their antibacterial activity to be equivalent. On the other hand, the differences in toxicity of the three peptides were found to correlate well with differences in the interactions of the three mutants with DPC micelles. This led the authors to conclude that experimentally measured toxicity can indeed be predicted and explained to some extent by simulations with DPC micelles.
In further work with two decapeptide PG-1 mutants, Langham et al. [63] performed MD simulations along with fluorescence spectroscopy, Fourier transform infrared spectroscopy (FTIR) and deuterium exchange experiments to ascertain the validity of simulations with SDS and DPC micelles. Simulations and FTIR experiments showed strong agreement with respect to peptide structural motifs (␤-sheet vs. unstructured vs. loop-turn vs. helical), particularly in the case of DPC; deuterium exchange data suggested that in all cases, peptides are surface-bound and equally exposed to solvent, which likewise agrees with simulation results; fluorescence spectroscopy showed that tyrosine residues interact primarily with solvent, which was visually confirmed by simulations. In a follow-up study, Bolintineanu et al. compared MD simulations of PG-1 and two additional mutants in DPC micelles [6] . One of these mutants (PC9) entailed the removal one of the disulfide bridges in PG-1, which reduces its ␤-sheet character, while the other mutant (PC13) entailed the removal of the last two residues (GR), thereby reducing the total charge by one. Simulations with DPC micelles showed that the removal of the disulfide bond in PC9 caused significant distortion of its ␤-sheet motif, although interactions with the micelle were stronger as a result, while removal of a charged residue caused a significant reorientation of PC-13 in its membrane-bound state as compared to PG-1. A comparison of these findings with the known toxicity profiles of these mutants suggests that the ␤-sheet motif is a more critical feature for toxicity than the total charge of a peptide or its strength of interaction with DPC micelles.
Although simulations of monomeric protegrins in the presence of micelles have yielded useful structural information and have isolated some of the features of lipid-protegrin interactions that may be involved in toxicity and activity, more realistic membrane mimics are required for a complete, mechanistic understanding of these phenomena. In recent years, simulations of protegrin peptides have increasingly progressed toward the use of lipid bilayers with real-istic bacterial membrane-like compositions, and have included simulations of protegrin monomers, dimers and transmembrane pore aggregates.
Molecular dynamics simulations of protegrin monomers in lipid bilayer membranes
Since protegrin peptides have been shown to exist primarily as monomers in solution [1, 22] , the first step in their mechanism of action is indisputably their association with the cell membranes of bacteria. Numerous experimental studies have investigated the interactions of protegrins with various membrane mimics. Lee and coworkers have conducted a series of experiments using lipid monolayers of assorted compositions as bacterial and mammalian membrane mimics. Their findings confirm that PG-1 readily inserts into anionic films and films composed of lipid A, a primary component in the bacterial outer membrane, but does not readily interact with zwitterionic lipids [28] . They have also been able to distinguish a higher affinity of PG-1 for phosphoethanolamine (PE) monolayers over phosphocholine (PC) monolayers, both of which are zwitterionic, but the former is more abundant in ruminants than in humans [41] . These results emphasize the importance of membrane lipid composition in the action of protegrin. Work from the same group using atomic force microscopy to investigate the effects of PG-1 on lipid bilayers has provided direct evidence of increased bilayer disruption by PG-1 with increased peptide concentration [58] . The selectivity of PG-1 toward anionic phosphoglycerol lipids over zwitterionic phosphocholine lipids was also confirmed through NMR investigations by Mani et al. [73] . From their NMR studies of protegrin interacting with lipid bilayers, Hong and coworkers have established that PG-1 causes disruption of the order of longer-tailed, unsaturated lipids such as POPC (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine) with tails 16 and 18 carbon atoms long, but does not disrupt thinner DLPC bilayers (1,2-Dilauroyl-sn-Glycero-3-Phosphocholine), with tails containing 12 carbon atoms [108] . The preservation of order in the thinner bilayers allowed Yamaguchi et al. [108] to carry out further NMR experiments to determine that PG-1 was fully inserted in a DLPC bilayer, where it adopts an orientation in which its long axis is tilted approximately 55 • from the bilayer normal (this is discussed in greater detail below). The insertion and tilt of PG-1 in DLPC bilayers was confirmed by Buffy et al. using paramagnetic Mn 2+ NMR experiments [11] . These authors additionally estimated that DLPC bilayers are thinned by as much as 8-10Å in the presence of PG-1. Heller and coworkers identified two concentration-, lipid-and hydration-dependent states of membrane-bound protegrin peptides using oriented circular dichroism (OCD) [36] . These states were hypothesized to correspond to the surface-adsorbed and membrane-inserted states of PG-1, although other differences, such as changes in hydrogen bonding patterns likely differentiate the two states. A subsequent study by Heller et al. [35] using Xray diffraction in a 1,2-diphytanoylphosphatidylcholine (DPhPC) bilayer showed that the surface-adsorbed state corresponds to membrane thinning, which ultimately drives the change in the state of PG-1 at higher peptide concentrations.
Several groups have studied the interactions of protegrin monomers with lipid bilayers using computational methods, primarily fully atomistic molecular dynamics simulations. Jang et al. [44] performed MD simulations of the PG-1 monomer interacting with zwitterionic palmitoyl-oleoyl-phosphatidylcholine (POPC) bilayers as well as 4:1 POPC/POPG (palmitoyl-oleoylphosphatidylglycerol) bilayers, which more closely represent the anionic character of bacterial membranes. Both simulations were started with the peptide placed on the surface of the lipid bilayer, and production runs of 10 ns were carried out using the CHARMM force field [71] . The authors observed a bend in the ␤-hairpin motif in simulations of PG-1 in water compared to a more stable, planar ␤-sheet structure in the presence of lipid bilayers. The PG-1 monomer was observed to reside closer to the bilayer surface in the case of the mixed POPC/POPG anionic lipid bilayer, which also exhibited a greater degree of thinning as compared to the zwitterionic POPC bilayer. The authors suggest that the weaker interaction with the zwitterionic bilayer is a result of screening of arginine-phosphate interactions by chloride ions; in the case of the anionic bilayer, chloride ions are electrostatically repelled by the anionic lipids, which allows cationic arginine groups to interact more freely with the lipid phosphate groups. Furthermore, the surface-adsorbed peptide was found to cause local deficiencies of lipids near its ␤-hairpin turn in the case of the anionic lipid bilayer. The authors refer to this effect as bilayer thinning, but it should be noted that this describes a different phenomenon than what is typically meant by lipid bilayer thinning, namely a decrease in the thickness along the bilayer normal direction. The latter was also observed in the case of the mixed anionic bilayer, and referred to as bending of the bilayer by these authors. Quantitative measures of the extent of this bending effect were not reported.
Khandelia and Kaznessis [50, 51] reported simulations of PG-1 in zwitterionic DLPC bilayers using the CHARMM force field [71] , with the peptide initially placed in two different transmembrane orientations. Both simulations converged to the same orientation within 20 ns. The resulting tilt and rotation angles (see ; the rotation angle ϕ was calculated to be around 60 • based on simulations, whereas experimental measurements estimate the angle as 48 ± 5 • . Significant lipid bilayer thinning was observed, with an average decrease of 6Å in the lipid bilayer thickness near the peptide as compared to the thickness far away from the peptide, in agreement with experimental estimates of 8-10Å [11] . Furthermore, the authors reported a novel, stable "kick" conformation for the inserted PG-1 monomer, in which Gly-17 forms a Fig. 3 . The definitions of the tilt angle ( ) and rotation angle (ϕ) as per Refs. [50, 108] . The tilt angle describes the angle between the peptide principal axis and the bilayer normal, while the rotation angle ϕ describes the angle between the normal of the least square fit plane to the peptide backbone and the bilayer normal. persistent hydrogen bond with the hydroxyl group of Tyr-7, causing the C-terminal strand to bend toward the bilayer center, forming a kick-shaped bend in the ␤-hairpin backbone [50] . The formation of such intramolecular hydrogen bonds would alleviate the energetic penalty of inserting these moieties into the hydrophobic core of the membrane, and may represent the types of changes posited for the inserted state of PG-1 by Heller et al. [36] based on their oriented circular dichroism measurements (see above). The "kick" conformation was only observed in one of the two simulations.
A subsequent study was conducted by Kandasamy and Larson [49] using the GROMOS force field [100] , wherein PG-1 was initially placed in several transmembrane orientations and conformations in the interior of membranes of varying thickness (DLPC, DMPC, DPPC and POPC). MD simulations ranging from 30 to 100 ns were carried out for a total of 16 combinations of initial conditions and lipid bilayers. Across all bilayer types, the authors identified two predominant transmembrane binding modes of PG-1, distinguished by whether Arg-1 binds to the same leaflet as Arg-4 and Arg-18 (binding mode 1) or to the opposing leaflet, along with Arg-9, 10 and 11 (binding mode 2). The observed binding modes were found to be sensitive to the initial conditions of the simulation (peptide conformation and orientation); the variation was attributed to the flexibility of the RGGR domain, which allows Arg-1 sufficient mobility to interact with both lipid bilayer leaflets, even in bilayers as thick as POPC. The authors also performed simulations of spontaneous self-assembly, wherein POPC lipid and water molecules were initially placed randomly around a PG-1 peptide [49] . After 200 ns of simulation, the lipids were observed to organize into a lipid bilayer spanned by a peptide-stabilized water pore. In all cases, the authors noted only a small degree of bilayer thinning (<2Å), which was generally larger for longer lipid types and for binding mode 2 (thinning of DLPC bilayers was less than 1Å). Tilt and rotation angles of PG-1 were not reported.
In a similar vein, Rui et al. [87] performed extensive MD simulations of PG-1 monomers and dimers inserted into DLPC and POPC lipid bilayers using the CHARMM force field [71] . In the case of monomers, three 80 ns-long simulations starting from different lipid packing arrangements were completed. The authors explored the issue of peptide tilting in unprecedented detail, and showed that the experimental estimate of the tilt angle of 55 ± 5 • , which arises from a rigid-body search using five fixed NMR structures (from PDB entry 1PG1 [22] ) to fit 15 N and 13 CO chemical shifts of Val 16 , may not be entirely accurate, as it fails to account for peptide flexibility and conformational changes caused by the lipid bilayer environment. Indeed, the root mean square deviation between 15 N and 13 CO chemical shifts calculated from the simulations and those measured experimentally is smallest for MD structures with tilt angles between 10 and 40 • , somewhat smaller than the reported value of 55 • . Nonetheless, the authors note that large fluctuations and significant discrepancies do exist between the ensemble-averaged chemical shifts and the experimental values. The rotation angle, which is defined differently than in [50, 108] (see Fig. 3 ), is found to converge to a value close to −120 • for all three monomer simulations (for this alternate definition of the rotation angle, see [67, 86, 87] ). This corresponds to an orientation in which the peptide's disulfide bonds face down with respect to the plane of the ␤-hairpin, and the authors show that this rotation can also fit the experimentally measured chemical shift data. Membrane thinning for DLPC was found to be in the range of 3.3-4.0Å, and for POPC in the range of 3.7-4.5Å [87] . Strong interactions between the guanidinium groups of the arginine residues and lipid phosphate groups are hypothesized to be responsible for this membrane thinning. Furthermore, the authors present detailed analyzes of hydrogen bonding patterns within the PG-1 monomer, between the peptides and lipid bilayers, and between the two monomers that constitute a PG-1 dimer (discussed in more detail below). In the DLPC bilayer/PG-1 monomer simulations, residues in the middle of the ␤-hairpin are able to bond lipid head groups, whereas in the POPC bilayer, only residues near the hairpin turn and the terminal regions are involved in hydrogen bonds with lipids. This suggests an important reason for the tendency of PG-1 to oligomerize in thicker bilayers, but not in thinner DLPC bilayers. With regard to intrapeptide hydrogen bonds, the authors report that the C-terminal strand is more likely to form hydrogen bonds with the N-terminal strand in a DLPC bilayer than in a POPC bilayer.
The MD simulation studies summarized above confirm, complement and extend much of the experimental data compiled to date. The most important issues that have emerged as common threads throughout these studies are the orientation of PG-1 monomers in lipid bilayers of different thicknesses, the effect of PG-1 on different bilayers (particularly lipid bilayer thinning), the stability of the peptide structure and interactions between the peptide and the lipids. The interest in the orientation of PG-1 in lipid bilayers, particularly in the case of DLPC bilayers, stems from the ssNMR data reported by Yamaguchi et al. [108] , which offers an excellent point of comparison for simulation efforts. Several simulation studies report somewhat smaller tilt angles than the value calculated by Yamaguchi et al.; however, in a lucid analysis of NMR chemical shift data, Rui et al. point out that this may be the results of inaccuracies in the way that tilt angles were computed from chemical shift data in the original experimental work, particularly the use of limited rigid peptide structures [87] . This point was further explored in subsequent studies [67, 86] , discussed below. With regards to bilayer thinning, the values reported by different simulation studies for the thinning of DLPC bilayers are less than 1Å [49] , 4Å [87] and 6Å [50] . Experimental data in DPhPC lipid bilayers suggests a thinning of less than 1Å [35] , while data for DLPC bilayers places the extent of thinning between 8 and 10Å [11] . Clearly this is a point on which simulations and experiments do not converge, but from the limited data available, it appears that simulations using the CHARMM force field [71] fare somewhat better than those performed with the GROMOS force field [100] . The extent of bilayer thinning is important, as it may result in tension on the lipid bilayers that acts as a key driving force for peptide oligomerization and pore formation [38] . Furthermore, simulations appear to be in general agreement that the ␤-sheet motif of PG-1 monomers is stabilized by persistent intrapeptide hydrogen bonds in the lipid bilayer environment, which corroborates experimental findings showing that the ␤-sheet motif is one of the most relevant features of protegrins for pore formation [72] and biological activity [34, 57] . Finally, simulations have been able to describe the interactions between peptides and lipid bilayers with an impressive level of detail. Not surprisingly, the guanidinium groups of the arginine side chains interact strongly with lipid phosphate groups [48, 50, 87] , the positively charged PG-1 monomer adsorbs more strongly onto anionic lipid bilayers [44] , and persistent hydrogen bonds form between peptide residues in close proximity to the bilayer surface and the lipid head groups [87] . Kandasamy and Larson have provided an astute analysis of the binding of PG-1 to lipid bilayers of varying thickness, and identified two distinct binding modes [49] . Overall, molecular dynamics simulations of PG-1 monomers in lipid bilayers show reasonable agreement with currently available experimental data, and shed additional light on molecular details that are difficult to access experimentally.
Thermodynamic calculations and potentials of mean force
Although a wealth of structural data is available from NMR experiments, the details of the thermodynamic driving forces that govern the interaction of peptides with membranes are difficult to measure experimentally. While typical methods such as surface plasmon resonance and titration calorimetry can measure free energy changes of peptide-membrane association, they cannot distinguish between different types of association processes (e.g. surface adsorption, membrane insertion, oligomerization), and as such lack the resolution required to identify and quantify the key steps in the various processes involved in the action of protegrin. Computational approaches, which are not limited by the small length scales and fast dynamics of these processes, can isolate particular details of peptide-membrane interactions that experiments cannot, and provide pertinent thermodynamic data with far greater detail than experiments. Such data are extremely useful in identifying bottlenecks in the bactericidal and toxic mechanisms of action of protegrin, and engineering peptides accordingly in order to optimize their therapeutic profiles.
The most useful thermodynamic measure for a particular biomolecular process is the potential of mean force (PMF), which essentially describes the free energy of the system as a function of a particular reaction coordinate. Examples of such a reaction coordinate include the distance between a PG-1 monomer and a lipid bilayer surface, or the angles that describe PG-1 insertion into the lipid bilayer core. The potential of mean force, which is a function of one or more reaction coordinates, contains all the information required to assess equilibrium distributions of various states in the process, as well as some information regarding possible pathways from one state to another (e.g. surface-adsorbed peptide to membrane-inserted peptide) and the associated kinetics. A general discussion of the principles of the potential of mean force is omitted here; the interested reader is referred to [37, 85] .
In order to provide further insight into the tilt and rotation of PG-1 in DLPC lipid bilayers, Sayyed-Ahmad and Kaznessis implemented a computationally inexpensive approach to calculating an approximate, PMF-like quantity that describes these degrees of freedom [88] . In their approach, the electrostatic free energy for a particular orientation and location of a PG-1 monomer was found from a numerical solution to the Poisson-Boltzmann (PB) equation [39, 90] , where the lipid bilayer is represented by several low-dielectric regions (a "three-dielectric" [98] model, corresponding to a dielectric constant of 2 for the aliphatic tail region and a dielectric constant of 10 for the two lipid head group regions), while water is represented as a high-dielectric region. Although this grossly simplifies the structure and chemistry of both water and lipid molecules, it captures what is probably the most important electrostatic feature of the system, the large dielectric heterogeneity. The non-electrostatic component of the free energy was estimated based on a linear relationship to the exposed molecular surface area (SA) [91] , where the proportionality coefficient is a function of the bilayer insertion depth [98] . This approach is often referred to as the PB/SA method [55] . The free energy profile of a PG-1 monomer was computed as a function of tilt and rotation angles (defined the same way as in [50, 108] ; see Fig. 3 ). The membrane model was assigned hydrophobic and head group dimensions roughly corresponding to a DLPC bilayer. The resulting two-dimensional potential was found to have a well-defined minimum at a tilt angle near 20 • and a rotation angle of 30 • . In light of the analyzes conducted by Rui et al. [86, 87] that suggest experimental data overestimates the tilt angle (see discussion above), the results of Sayyed-Ahmad and Kaznessis are in good agreement with the experimental values of 55 • and 48 • . Considering the inherent approximations in the Poisson-Boltzmann formalism, as well as the fact that a single rigid peptide structure was used in this work (namely, the final structure of a previous 23 ns-long MD simulation [50] ), the results are surprisingly good. This suggests that continuum-level electrostatic interactions are some of the most important effects with regards to peptide-membrane interactions. Free energies of insertion were not explicitly computed, but the variation in the reported PMF spanned a range of approximately 80 kcal/mol across a full sampling of tilt and rotation angles.
To explore some of these same issues via PMF calculations, Lee et al. [67] developed a set of restraining potentials specifically for ␤-hairpin peptides and implemented these in the CHARMM simulation program [10] . Their potentials allow for simulations with combinations of constraints on the principal axis of the ␤-hairpin, the rotation of the ␤-hairpin (as defined in [67, 86, 87] ), and the distance separating two ␤-hairpin structures. The use of constraints is essential in computing potentials of mean force by methods such as umbrella sampling and constraint force integration [85, 104] . The constraints were tested by computing PMFs for the tilt and rotation of PG-1 monomers using the EEF1.1/IMM1 force field [64, 65] , which uses a distance-dependent dielectric constant for interatomic interactions and an empirical self-energy term based on the extent of exposure of a particular atom to solvent and its depth of insertion into the membrane. As such, the IMM1 force field is a largely empirical implicit membrane model; of the common implicit membrane models, it is one of the fastest and is easily amenable to dynamics, but lacks a rigorous physical basis and is only as accurate as the underlying empirical parameters. Lee and coworkers computed PMFs for two values of the hydrophobic thickness in the IMM1 model, namely 17.5Å and 10Å, corresponding to an unperturbed DLPC bilayer and a DLPC bilayer thinned by the presence of PG1, respectively [67] . The PMFs they obtained show a thermally accessible range for the tilt angle in the 17.5Å bilayer between 3 • and 20 • (with the minimum at 10 • ), while the 10Å bilayer has a range of thermally accessible tilt angles between 7 • and 31 • (with the minimum at 22 • ). The authors hypothesize the discrepancy from the experimental value of 55 • [108] to be a result of inaccuracies due to the approximate nature of the IMM1 force field, as well as the possible overestimation of the tilt angle in the experimental work caused by the neglect of peptide flexibility (see earlier discussion). Interestingly, the authors found that both lipid bilayer thickness values gave the same minimum of -90 • in the PMF of the rotation angle (again, see [67, 86, 87] for definition). The thermally accessible range of this angle is between −70 • and −130 • , which is in good agreement with the authors' previous all-atom molecular dynamics study [87] discussed above, where the predominant rotation angle was ∼−120 • .
In a subsequent study from the same group, Rui and Im [86] used the ␤-hairpin restraining potentials developed by Lee et al. [67] to compute PMFs along the tilt angle of a PG-1 monomer in fully atomistic DLPC and POPC bilayers at four different rotation angles. Once again, the minimum tilt angle in the PMF was found to be larger in the thinner DLPC bilayer (37 • ) as compared to the thicker POPC bilayer (20.9 • ), likely due to the peptide needing to tilt more in order to achieve favorable hydrophobic contact within the thinner bilayer [86] . These minima correspond to a rotation angle of −90 • , consistent with the authors' previous findings [67] . The authors suggest that the faces of the peptide display different hydrophobicities, which explains the preference for a particular rotation angle. In the region of the PMFs corresponding to the thermally accessible tilt angles, notable membrane thinning was reported (2Å in DLPC and 5Å in POPC), hypothesized to be a result of hydrophobic interactions and strong arginine-phosphate interactions. Interestingly, different surface tension values had no significant effects in any of the fully atomistic MD simulations. Based on the all-atom PMFs, the authors calibrated the hydrophobic thickness parameter in the IMM1 force field and computed a two-dimensional PMF for rotation and tilt angles, which showed reasonable agreement with fully atomistic simulations. Finally, the authors also show that the chemical shift data obtained from NMR experiments can be closely matched by their simulations if PMF-weighted conformations from the entire orientational space are used (although some variation exists depending on the chemical shift tensor definition).
The studies discussed so far pertaining to PMF calculations have focused on the rotation and tilt angles of PG-1 monomers in various models of lipid bilayers. The goal of these works has been to explore the properties of the membrane-inserted state of PG-1 monomers, in particular to verify and understand the experimentally measured tilt and rotational preferences of these peptides in DLPC bilayers and compare them to behavior in thicker, more biologically relevant POPC bilayers. However, before they can insert into the membrane core, protegrin peptides must adsorb to the membrane surface, a process that can also readily be quantified by PMF calculations. Recently, Vivcharuk and Kaznessis have reported a study of the adsorption of PG-1 monomers and dimers in a particular orientation to the surface of 3:1 POPE:POPG lipid bilayers in terms of the relevant potential of mean force [102] . Their calculations are based on fully atomistic MD simulations combined with a force constraint integration method [104] . Their results show a favorable free energy of adsorption of −2.4 ± 0.8 kcal/mol and −3.5 ± 1.1 kcal/mol for the monomer and dimer, respectively, and no significant energy barrier to adsorption for either. This confirms the affinity of protegrin peptides for anionic lipid bilayers, and suggests that adsorption is a diffusion-limited process. The authors were able to closely match the PMFs obtained from fully atomistic simulations with a simple Poisson-Boltzmann/Gouy-Chapman theory [101] , and showed that the adsorption is driven to a large extent by the entropy gain associated with the release of membrane-adsorbed counterions [102] .
Protegrin dimerization in lipid bilayers
Both experiments and simulations suggest that PG-1 monomers cannot act independently to cause the type of membrane disruption that leads to cell death. The current leading hypothesis involves the dimerization of protegrin, followed by subsequent aggregation of dimeric units to form transmembrane pores that cause uncontrolled leakage of ions and other cell contents, leading to cell death [74] . The dimerization of protegrin monomers was initially a problematic proposal, as it places highly charged arginine residues on the two monomers in close proximity, which would result in electrostatic repulsions and dimer destabilization [22] . Indeed, experimental evidence suggests that PG-1 exists primarily as a monomer in aqueous solution and in DMSO [1, 22] . However, a number of NMR investigations have shown that in certain lipid environments, hydrogen bonding along the backbone of the two monomers is sufficiently strong to overcome the electrostatic repulsion between the arginine residues. Roumestand et al. [84] measured nuclear Overhauser effects (NOEs) in NMR spectra of PG-1 interacting with DPC micelles, and found that their data was most readily explained by a peptide dimer structure in which the two protegrin monomers align in an NCCN anti-parallel fashion, with the C-terminal strands interacting through backbone hydrogen bonds (see Fig. 4B ). A parallel NCCN structure (see Fig. 4A ) was ruled out due to strong d ␣␣ NOE effects between residues R-18 and F-12, as well as V-14 and V-16, which are in close proximity only for the anti-parallel NCCN motif [84] . In contrast, a solidstate NMR study conducted by Tang et al. found that PG-1 forms large oligomeric aggregates in a phosphate buffer saline solution, with 13 C and 1 H spin diffusion data indicating a parallel orientation of the monomers [94] . Further NMR investigations by Buffy et al. have shown that PG-1 is immobilized in POPC bilayers to a much greater degree than in DLPC bilayers [13] . The authors suggest this immobilization to be a result of peptides oligomerizing in the thicker, more biologically relevant POPC bilayers, but not the thinner DLPC bilayers. Using 19 F spin diffusion NMR experiments, Buffy et al. were able to show that with increasing peptide concentration, PG-1 peptides primarily exists as dimers in POPC lipid bilayers [12] . The authors estimated a free energy of dimerization of −10.2 ± 2.3 kJ/mol (or −2.44 ± 0.55 kcal/mol), but did not report details of the dimer structure. A subsequent study by Mani et al. using the rotational-echo double-resonance (REDOR) ssNMR technique strongly corroborated the parallel NCCN dimer motif, and the three-dimensional structure of the NCCN parallel dimer was resolved (PDB entry1ZY6) [75] . An additional REDOR ssNMR experiment carried out by the same group suggests that in anionic lipid bilayers, PG-1 dimers in a parallel, NCCN arrangement aggregate to form transmembrane pores, most likely composed of 4 or 5 dimer units [74] . In zwitterionic membranes that contain cholesterol, the same dimers are hypothesized to bind to the surface of the membrane [74] . Overall, the available experimental data suggest that dimerization is an essential first step in the mechanism of action of protegrin, and that PG-1 dimers are the predominant form of protegrin in biologically relevant lipid bilayers. The NCCN parallel dimer structure is the only configuration that has been observed in lipid bilayers, while the NCCN anti-parallel motif has only been observed in DPC micelles.
A number of molecular simulation studies have explored the dimerization of PG-1 in order to explain some of the experimental findings discussed above. The first fully atomistic simulations of PG-1 dimers in lipid bilayers were carried out by Jang et al. [45], who simulated both parallel and antiparallel NCCN dimers on the surface of POPC lipid bilayers as well as in water. In all cases, the dimer structure was preserved for the duration of the simulations (20 ns in the case of the bilayer simulations, 10 ns in the case of the water simulations). However, a notable difference was observed in the overall stability of the ␤-sheet motif in the two different dimers, as measured by fluctuations in the fraction of possible hydrogen bonds: in water, only two hydrogen bonds between the C-terminal strands hold the dimers together, and the ␤-sheet structure is only somewhat preserved; in lipid bilayers, the ␤-sheet structure is well-preserved, and the C-terminal strands of the antiparallel dimer were more tightly bound, suggesting that this arrangement is more stable. Despite their somewhat lower stability, the parallel dimers were found to have stronger interactions and a more disruptive effect on the lipid bilayers, leading the authors to conclude that the parallel motif is the more biologically relevant of the two, as suggested by experimental evidence [12, 13, 74, 75] .
As part of a study mentioned earlier in the context of PG-1 monomers, Rui et al. also conducted a series of simulations of parallel NCCN dimers interacting with DLPC and POPC lipid bilayers [87] (as noted above, the NCCN parallel dimer is the only PG-1 dimer configuration experimentally observed in lipid bilayers). In their work, the dimers were initially placed in a transmembrane orientation, and a total of 180 ns of MD simulation were performed for each of the two bilayer types. Based on a hydrogen bond analysis, the dimer structure was found to be more stable in the thicker POPC bilayer, in agreement with experimental evidence that suggests that PG-1 does not dimerize in DLPC, but exists primarily as a dimer in POPC [13] . Tilt angles of the PG-1 dimer were measured to be between 0 • and 48.9 • in DLPC bilayers, and between 0 • and 34.9 • in POPC bilayers, hypothesized once again to be a result of the peptides tilting to achieve a favorable hydrophobic match with the lipid bilayer core. Based on their simulations, the authors suggest that the preference for PG-1 to dimerize in thicker POPC bilayers is related to the higher availability of hydrogen bond acceptors in the lipid head group region in thinner DLPC bilayers, which essentially replaces hydrogen bonding between PG-1 monomers. Due to the longer tails of POPC bilayers, the backbone amide hydrogen atoms of PG-1 are unable to form hydrogen bonds with the lipid head group atoms, which causes them to form hydrogen bonds with another PG-1 peptide in order to minimize the energetic penalty associated with inserting these otherwise exposed polar groups in the aliphatic membrane core.
In another study from the same group, the process of PG-1 dimerization was investigated from a thermodynamic point of view. Lee et al. performed MD simulations using the EEF1/IMM1 force field along with umbrella sampling and weighted histogram analysis method (WHAM) calculations to compute the PMF associated with PG-1 dimerization [67] . Their simulations started with PG-1 monomers in transmembrane orientations (with the long axis oriented parallel to the bilayer normal), and PMFs were computed along a reaction coordinate corresponding to the minimum distance between arbitrary points on the ␤-hairpin principal axes of the two monomers. Because of the computational savings associated with using the IMM1 force field, the authors were able to compute PMFs for all six possible dimerization arrangements (NCCN, NCNC, CNNC, each in a parallel or antiparallel arrangement). The dimerization PMFs show very large, favorable free energies, with PMF minima in all cases around −40 kcal/mol, much larger than the experimental estimate of −2.4 kcal/mol [12] ; no statistically significant difference was discernible in the values of the PMF minima for the six possible configurations. The authors attribute these shortcomings largely to the inaccuracies inherent in the EEF1/IMM1 force field.
This last issue was addressed by fully atomistic MD simulations recently carried out by Vivcharuk and Kaznessis, who used a combination of MD and the constraint force integration method to compute the PMFs of PG-1 dimerization in three different environments: in bulk water, on the membrane surface and inside the membrane core [103] . Simulations were performed with parallel and anti-parallel dimers in the presence of 3:1 POPE:POPG anionic lipid bilayers. In all cases, dimerization was found to be a thermodynamically favorable process, with the parallel motif preferred in all cases except on the surface of the membrane. The free energies of dimerization, as measured by differences in the PMF between the bound and unbound state, varied significantly with both the dimer configuration and the environment: in bulk water, the free energies of dimerization were −17.5 kcal/mol and −4.8 kcal/mol for the parallel and anti-parallel dimers, respectively; on the membrane surface, they were −20.4 and −23.2 kcal/mol; in the membrane core, −8.1 and −3.8 kcal/mol. Although these values differ significantly from the experimental estimate of −2.4 kcal/mol [12] , a direct comparison may not be warranted, as the experimental measurement was conducted in zwitterionic POPC lipid bilayers, while the simulations were carried out in the presence of an anionic 3:1 POPE:POPG lipid bilayer. Furthermore, the experimental result corresponds to the overall process of dimerization, rather than dimerization in a particular environment. More importantly, the simulation results suggest that dimerization is most favorable on the surface of the membrane, which indicates that it likely follows monomer adsorption to the surface and precedes dimer insertion into the membrane core. The authors also present analyzes of hydrogen bonding patterns and salt bridges, and conclude that the latter, in the form of bridges formed by chloride ions between arginine residues of the two constituent monomer peptides are the dominant factor in dimer stability.
Molecular dynamics simulations of protegrin pores
We have so far discussed two important processes that are precursors to the bactericidal mechanism of PG-1: monomers interacting with model membranes and monomers coming together to form dimers. We now come to what is both the most difficult and the most important aspect of the problem-the formation of transmembrane pores in the bacterial membrane. Early evidence of pore formation by protegrins came from electrophysiological studies, which showed that PG-1 forms anion channels in Xenopus laevis oocytes [72] , and that PG-1 and PG-3 (a naturally occurring analog of PG-1) cause an increase in the conductivity of lipid bilayers consistent with the formation of ion channels [92] . Based on neutron diffraction data, Yang and coworkers were able crystallize membrane pore structures for protegrins and magainins [109] . More recently, Mani et al. reported solid state NMR (ssNMR) data suggesting that PG-1 forms transmembrane, NCCN multimers in 3:1 POPE:POPG lipid bilayers, where the repeat unit is an NCCN parallel dimer [74] . Combining this with the fact that membranes treated with PG-1allowed the permeation of polyethyleneglycol beads with a hydrodynamic radius up to 10.5Å, the authors concluded that PG-1 forms transmembrane pores composed of four or five dimer repeat units, creating a water-filled pore with an inner diameter around 21Å [74] . In contrast, they found that PG-1 dimers adsorb to the surface of mammalian-mimicking 1:1 POPC:cholesterol lipid bilayers, where they likely form tetrameric ␤-sheet clusters. Subsequent work from the same group using ssNMR measured distances between several 13 C atoms of PG-1 and 31 P atoms in anionic POPE/POPG lipid bilayers, from which they concluded that lipids surrounding the PG-1 pore most likely adopt a toroidal conformation (see Fig. 5B ) [95] . Further ssNMR experiments revealed that Arg-11 is more mobile than Arg-4 and Leu-5 in the transmembrane pore state [96] , that dimethylation of the PG-1 arginine groups results in a peptide that does not aggregate or insert in a transmembrane orientation [97] and that the arginine side chains of PG-1 bind both water and lipid head groups [69] . Additionally, Wi and Kim have reported 31 P and 2 H ssNMR experiments that yield anisotropic line shapes consistent with toroidal pore formation and bilayer thinning in the binding of oriented lipids with PG-1 [106] .
In order to simulate the PG-1 pore structure, a realistic initial conformation must be constructed; on the simulation time scales currently accessible to molecular dynamics simulations, one cannot expect to observe spontaneous peptide insertion, aggregation or pore formation. Based on the experimental data available to date, pores are formed by four or five transmembrane, parallel NCCN PG-1 dimer units [74] , and the balance of the evidence [69, 95, 106] suggests that the lipids surrounding the pore most likely adopt a toroidal conformation (see Fig. 5B ). An additional problem for simulations of a flexible pore structure embedded in a small patch of a lipid membrane is the choice of simulation ensemble [2, 18, 23, 24, 42, 46] . With the traditional CHARMM force fields [70, 71] , most lipid bilayer simulations discussed so far have been performed in the NP z AT ensemble, where the pressure component perpendicular to the bilayer plane, the temperature and the lateral area of the bilayer patch are kept constant, or the NP z ␥T ensemble, where the area of the system is allowed to fluctuate, but a constant surface tension ␥ is applied that restrains the area. Simulations in the isotropic NPT ensemble, where the area is not constrained to a fixed value (as in NP z AT simulations) or partially controlled with an applied surface tension (as in the NP z ␥T ensemble) have been shown to yield unrealistic compression of the lipids [16, 24, 93] . The exact cause of this is a matter of some debate, which we will not delve into here [2, 18, 23, 24, 42, 46] . In the case of pore simulations, the NP z AT ensemble may suffer from compression of the lipids surrounding the pore, leading to an unrealistic pore expansion, while simulations in the NPT ensemble would result in compression of the lipids toward the pore, which could yield an unrealistic area per lipid. Simulations in the NP z ␥T ensemble may be a good compromise between these alternatives, but no clear physical basis exists for the selection of the surface tension value ␥. Very recently, a modified version of the CHARMM lipid force field has been published, which purportedly does not suffer from any of these drawbacks, and permits simulations in the NPT ensemble [53] . This should provide a significant benefit to all lipid bilayer simulations using the CHARMM force field, and particularly to simulations of flexible, membrane-inserted structures such as protegrin pores.
The first fully atomistic MD simulation of the PG-1 pore was reported by Langham et al., who simulated an octameric PG-1 pore (four dimers) embedded in a 3:1 POPE:POPG anionic lipid bilayer for a total of more than 150 ns [59] . In order to circumvent some of the issues of lipid bilayer simulations described above, the authors ran their simulations in the NP z AT ensemble for 50 ns, followed by 100 ns of NPT simulation, which yielded a reasonable value for the equilibrium area per lipid. The simulation showed that the structure proposed by NMR experiments [74] is indeed stable over a significant time scale; that the pore opening is large enough to readily conduct anions, but rarely allows cations to pass through due to the large positive charges of the peptides; and that lipids initially arranged in a barrel-stave conformation (see Fig. 5A ) tilt toward the peptides to form what was dubbed a semi-toroidal structure (Fig. 5C) . A comparison between this structure and the structures resulting from simulations started from fully toroidal pore conformations is currently in preparation. The authors also reported the water, sodium and chloride potentials of mean force through the pore based on the observed probability densities, and conjectured that protegrin pores can effectively eliminate the cell's ability to regulate its transmembrane potential, which could cause the failure of multiple vital membrane functions, and ultimately lead to cell death. This point was explored further in subsequent work by Bolintineanu et al. [7] , discussed at the end of this section.
Additional MD simulations of PG-1 pore structures were reported by Jang et al. [45] and Capone et al. [14] , the latter as part of a combined atomic force microscopy (AFM), electrical conductance and MD study. Jang et al. describe the results of MD simulations of barrel stave and toroidal PG-1 pores consisting of both parallel and antiparallel NCCN oligomers in zwitterionic POPC lipid bilayers as well as anionic 4:1 POPC:POPG lipid bilayers, for a total of eight simulations. The authors used both the NP z AT ensemble and the NP z T ensemble with = 0 (completely equivalent to the NPT ensemble), and noted no significant differences on the timescales of their simulations (∼30 ns) [43] . A slight increase in the outer diameter was observed in all cases, which was slightly larger in the case of the toroidal pore simulations, while a decrease in the inner pore diameter was observed in all cases. The toroidal pores were found to be stable throughout the simulations, while the barrel-stave pores adopted a semitoroidal configuration, in which lipids near the peptide pore tilted toward the peptides, but did not result in a complete merging of the two leaflets. No clear differences were noted between the zwitterionic and anionic lipid bilayers, but the authors point out that these may play a more important role at the peptide insertion stage than in the stability of an already formed pore. In all cases, the initial pore structure was built from eight individual monomers that were not initially arranged in dimer subunits, but as the simulations progressed, interactions between monomers resulted in the formation of dimers (primarily of the NCCN variety in the antiparallel case, and CNNC in the case of the parallel arrangements). The authors note a striking similarity between PG-1 pores composed of ␤-strand-turn-␤-strand subunits and ␤-amyloid ion channels associated with Alzheimer's disease.
More recently, work from the same group combined AFM, electrical conductance measurements and MD simulations to investigate the nature of PG-1 pores [14] . The MD simulations were constructed by inserting ten PG-1 monomers in an annular arrangement in an anionic lipid bilayer composed of dioleoyl phosphatidylserine (DOPS) and palmitoyloleoyl phospatidylethanolamine (POPE) in a 1:2 ratio of DOPS:POPE. Simulations were performed for both parallel NCCN and antiparallel NCCN motifs, with the lipids in both cases initially placed in a barrel-stave configuration. The antiparallel ␤-barrels were observed to organize into four subunits, while the parallel subunits were observed to organize into five subunits. Chloride ions were able to pass through the pore readily, while Na + and Mg 2+ ions were not. AFM measurements confirmed the existence of channel structures only in anionic DOPS/POPE bilayers, but not in DOPC bilayers. The outer diameters of the channel structures as measured by AFM were found to be in good agreement with the results of MD simulations, and the majority of the channels detected by AFM were found to consist of three or four subunits. Electrical conductance measurements indicated stable ion channels at low PG-1 concentrations in DOPS/DOPE and DOPS/POPE anionic lipid bilayers, as well as in zwitterionic DOPC/DOPE bilayers, albeit at a higher PG-1 concentration. Bilayer membranes composed only of PC lipids showed little electrical activity. This study provided a multi-faceted analysis of PG-1 pore formation, and confirmed the strong dependence of PG-1 pore formation on membrane composition.
Modeling the conductance and biological effects of protegrin pores
The molecular dynamics studies just described point toward an extremely large increase in the ion conductance of membranes as a result of PG-1 channel formation, which may have crucial implications for biological activity. Modeling ion conduction through PG-1 pores is not a straightforward task. Ideally, fully atomistic MD simulations would be performed with an applied electric field, and the ionic current would be measured for different electric field strengths. However, the simulation time required to obtain a statistically meaningful value of the ionic current render this approach computationally intractable. We do note that the conductance of the classic potassium channel KcsA (conductance about 100 pS) has been simulated by this method [20] using a modified Kubo algorithm to extend the linear response (Ohm's law) regime, and it may be possible to do something similar for protegrin pores (conductance about 200 pS). A variety of more approximate methods have been discussed for similar systems [15, 40, 56, 78] . Bolintineanu et al. [7] have presented a modeling effort based on the Poisson-Nernst-Planck (PNP) [15, 56] system of equations, which describes all of the ionic species as continuum concentrations (or equivalently, probability densities), while maintaining atomistic detail for the peptides and lipids. In steady-state PNP theory, the flux of each ionic species is described by a transport equationessentially a differential mass balance -that includes a Fickian diffusion term and a drift term due to the presence of the surrounding electric field:
where c i , D i and q i are the concentration, diffusion coefficient and valence of each ionic species, ϕ is the electrostatic potential, and e, k B and T are the elementary charge, Boltzmann's constant and temperature, respectively. The electrostatic potential is given by the Poisson equation of electrostatics, where the charge density is a sum of the fixed charge density due to the presence of partial charges in the peptides and lipids and an additional term due to the presence of the mobile ionic species:
Here, ε is the space-dependent dielectric constant, and f is the fixed charge density, determined by the positions and partial charges of all peptide and lipid atoms. The summation is performed over all ionic species, in this case only potassium and chloride. Regions that are occupied by peptide and lipid atoms are assigned as inaccessible to ions, and a no-flux boundary condition is imposed on this bounding surface. The top and bottom surfaces (above and below the lipid bilayer) are assigned concentration values corresponding to experimental conditions, and electric potential values corresponding to the magnitude of the applied electric field. Two equations corresponding to Eq. (1) for potassium and chloride, coupled with Eq. (2) were solved numerically, using a variety of pore structures obtained from earlier MD simulations [59] to define the domain and boundaries. The net ionic current was then obtained from the resulting three-dimensional concentration profiles and electrostatic potential profile by integrating the flux over any x-y plane perpendicular to the pore axis, and adding the fluxes for potassium and chloride:
The procedure described above was repeated for multiple values of the applied electric field in order to construct a current-voltage (I-V) relationship for the protegrin pore for each of the conformations extracted from the MD simulations. In all cases, the I-V relationship was completely linear and symmetric about the zerovoltage point, which is not surprising considering the rigid pore structure approximation inherent in the PNP model. The net conductance value was found to be in agreement with an earlier experimental study by Sokolov et al. [92] . These authors found that beyond certain applied voltage values, the current dropped off significantly. Our work suggests that this apparent voltage-gating is a result of voltage-dependent pore formation; so long as the pore is formed and open, our results of 280-430 picoSiemens (pS) for the total pore conductance are in good agreement with the experimental values of 40-360 pS in the I-V regime where current is indeed measured. The variation in the computed values is a result of using a series of different snapshots extracted from MD simulations. The only empirical adjustment made to the model is setting the diffusion coefficients of both ionic species to 10% of their bulk solution values inside the peptide pore. The same scaling was used by Kurnikova et al. [56] and Furini et al. [27] in their PNP modeling of gramicidin-S and KcSA, respectively, and was found to yield good agreement with experimental results.
Most importantly, this approach provides a quantitative link between the pore structure suggested by NMR experiments [74] and refined by MD simulations [59] and the conductance properties determined by electrophysiological methods [92] . By comparing the currents of the two ionic species, we also found that the pore is highly anion selective, with the anionic Cl − current typically exceeding the cationic K + current by a factor of around 1000. This is not surprising given the highly cationic nature of the pore, and is in agreement with the MD simulation studies discussed above [14, 43, 59] ; however, it somewhat contradicts the experimental findings of Sokolov et al. [92] , who report only a slight anion selectivity, and occasional cation selectivity depending on lipid compositions. We additionally show that the charges of the arginine residues are by far the most important factor determining the conduction properties of these pores; their removal results in a ten-fold reduction in the net conductance, and a shift from strong anion selectivity to cation selectivity. [5] . The number of protegrin pores was left as an adjustable parameter used to match potassium efflux profiles measured experimentally.
Encouraged by our success with modeling conduction through a single PG-1 pore, we set out to model the effects of a large number of pores on an entire bacterial cell in terms of ion transport. Based on the 3D-PNP results obtained for a single PG-1 pore [7] , we estimated the overall permeabilities of each ionic species through a protegrin pore in the context of a one-dimensional integrated form of the PNP equation (this is closely related to the famous Goldman-Hodgkin-Katz equation [29] ). Using these single-pore permeability values, we were then able to compute the overall permeability of the membrane to each ionic species as a function of the number of pores, which was used as an input to a set of transient mass balances on all ionic species:
Here, n i is the number of moles of ionic species i inside the cell (in this case, Na + , K + or Cl − ), P i is the permeability of the relevant ion through the membrane (calculated based on the 3D-PNP results, and a function of the number of pores), q i is the valence of each ionic species, A is the cell surface area, V is the transmembrane voltage, c o i and c i i are the ion concentrations inside and outside of the cell, and F, R and T are the Faraday constant, the gas constant and the temperature, respectively. The transmembrane voltage is found by requiring that the total charge inside the cell does not change with time (thereby maintaining charge neutrality), which acts as a constraint to the set of equations 4 (there are multiple such equations, one for each of the three ionic species). Our model additionally allows for changes in the cell volume and surface area, potassium flux due to active transport, and flow of water due to changes in osmolarity. The model treats the bacterial cell as a well-mixed volume with respect to ion concentrations, which is not expected to introduce any significant errors, since ion diffusion through the membrane is many orders of magnitude smaller than ion diffusion through the interior of bacteria. The overall concept is illustrated graphically in Fig. 6 .
The main result of this work was an estimate of the timedependent ion concentration in the bacterial cells as a result of PG-1 pore formation. By adjusting only the number of pores in our model, we were able to match experimentally measured potassium leakage data from live E. coli, which appears to correlate with the bactericidal action of protegrin [5] . We were thus able to provide the first estimate of the number of pores required to kill an E. Coli cell-approximately one hundred, provided they are all stable and open for several minutes. However, we were not able to match experimental data of the dynamics of optical density changes (which presumably correlate with cell volume changes), which suggests that osmolytes other than ions are involved. This model, despite many approximations and limitations inherent in the underlying theories, represents a first attempt to bridge the gap between the molecular pore structure, ion transport at the level of a single pore, and ion transport from an entire cell, which may be a key element in the protegrin bactericidal mechanism of action.
Alternative computational approaches: QSAR studies
All of the computational studies discussed so far have been aimed at trying to describe and explain the mechanism of action of protegrins within a physics-based framework. An altogether different approach consists of models relying largely on statistical correlations rather than purely on physical descriptions. The most common such methods are based on quantitative structure-activity relationships, or QSARs [66] . The QSAR method requires defining a set of physicochemical or structural properties among a class of proteins with similar sequences (e.g. protegrin mutants) and finding a statistical correlation between some mathematical function of these properties and a desired biological behavior (e.g. activity against bacteria or toxicity to human cells). Early work that led directly to the development and testing of a protegrin-based pharmaceutical product was based in part on the use of structure-activity relationships, and showed that the toxicity of various protegrin mutants was dependent upon the preservation of the ␤-sheet structure, the amphiphilicity of the peptide, and the cationic charge [17] . Even though these properties were not treated quantitatively, the resulting work led to the development and testing of a protegrin mutant dubbed IB-367 for the treatment and prevention of oral mucositis. A later study by Ostberg and Kaznessis took a more quantitative approach, and attempted to quantify a number of features of protegrin mutants from single rigid structures constructed by homology modeling based on the known structure of PG-1 [80] . Various quantities describing peptide hydrophobicity, shape and electrostatic properties were shown to be relevant in the statistical prediction of the activity, toxicity and hemolysis properties of sixty protegrin mutants against E. coli, with typical correlation coefficients ranging from R 2 = 0.5 to 0.7. One of the likely shortcomings of this approach comes from the use of rigid structures for all mutants, which was partially addressed in a later study by Langham et al., in which physicochemical properties were computed based on MD trajectories of the same sixty mutant peptides simulated in water [62] . Their QSAR model included properties such as peptide-water interaction energies, average peptide length, number of hydrogen bond acceptors and solvent accessibility of the peptide, and was created using the correlations of these and other properties with measured hemolysis and cytotoxicity values. Reported correlation coefficients for the set of sixty peptides ranged between 0.7 and 0.8, and the model was able to correctly rank the toxicities of four out of five synthetic peptides in a blind test.
Other efforts in this area have focused on finding improved descriptors as well as improved selection and fitting procedures. Fernandez and Caballero have reported a novel method of assigning amino acid sequence descriptors which accounts for the proximity of amino acids in a sequence by assigning mathematically smoothed properties to each residue that can be weighted and added to the properties of its neighboring residues [25] . They applied their methods in the context of a QSAR study based on multiple linear regression and a genetic algorithm applied to the same protegrin mutant dataset used by Ostberg and Kaznessis [80] . Their results show that altogether different properties are required to capture activity against different microbial species, leading them to conclude that protegrins act by fundamentally different mechanisms against different microbial species. Frecer [26] analyzed a dataset of protegrin-derived cyclic peptides synthesized by Robinson et al. [83] . Based on a QSAR model constructed with a genetic function approximation algorithm, he found that antimicrobial properties of these peptides correlate well with charge and amphipathicity, while hemolytic properties correlate with lipophilicity. While QSAR studies in general do not offer the same level of physical, quantitative insight as molecular dynamics or other physics-based models, they can clearly provide strong guidelines for peptide engineering, as well as pointing toward physical properties that are most relevant to biological functions.
Summary and future directions
The work described herein spans a variety of computational studies aimed at understanding the mechanism of action of protegrin peptides and ultimately engineering novel therapeutics based on protegrin templates. The earliest MD simulations of protegrin peptides were conducted in lipid micelles [6, 52, 60, 61, 63] , partially because of the limitations of computational power at the time, but also because this was and arguably still remains the most computationally feasible way to study multiple protegrin mutants on relevant time scales. Simulations with micelles are likely to be useful in cases where peptide conformations in a lipid environment are of crucial importance, such as the folding of otherwise linear peptides into ␣-helices in the presence of a hydrophobic environment; however, given the rigid nature of protegrin, only minor conformational changes are likely to be observed in micelles, and peptide-lipid interactions are better captured with more realistic membrane mimics, such as lipid bilayers. Subsequent studies have focused exclusively on lipid bilayer models, and have provided helpful verification, explanation and guidance for experimental work. For instance, MD simulations have shown the importance of peptide flexibility in evaluating the orientation of PG-1 monomers in lipid bilayers using chemical shift data [67, 86, 87] , provided measures of peptide-induced lipid bilayer thinning [49, 50, 87] , identified important hydrogen bonding sites, peptide conformations and lipid bilayer binding modes, demonstrated the importance of guanidinium-phosphate interactions and clarified the driving forces for protegrin dimerization in terms of hydrogen bonding, lipid bilayer thickness and salt bridges [44, 45, 49, 50, 86, 87] . More sophisticated simulations that couple MD with PMF calculations have evaluated free energy profiles (PMFs) that quantify peptide orientation in a lipid bilayer [67, 86] , adsorption [102] and dimerization [103] . The properties of oligomeric protegrin pores have also been analyzed by several MD simulation studies [14, 43, 59] , which confirmed their stability, demonstrated their ability to cause uncontrolled ion transport and showed a tendency for pore-lining lipids to tilt toward the peptides, favoring a toroidal or semi-toroidal arrangement. Finally, multiscale modeling of ion conductance through PG-1 pores has shown good agreement with experimental measurements [7] , and has provided a quantitative, physics-based model for the effects of protegrin pores on entire bacterial cells, thereby bridging the gaps between molecular structure, ion conductance properties and cellular-level effects [5] .
With computational capabilities continually improving, the future of computer modeling of antimicrobial peptides such as protegrins looks bright. In terms of MD simulations, work in all of the areas described would indisputably benefit from longer simulations with larger lipid bilayers and more realistic membranemimicking lipid compositions; we will not focus on such particular details in suggesting future studies, but instead outline four main areas that could yield useful and interesting results: simulations of protegrin mutants, modeling of peptide insertion, modeling of pore formation, and modeling of toxicity mechanisms. Simulations of the types discussed above with protegrin mutants are essential for identifying the effects of mutations on the biophysical behavior of protegrins-in particular, comparisons between the wild-type PG-1 peptide and choice mutants with respect to membrane adsorption, insertion and dimerization would be of interest. Several studies have presented large datasets of protegrin mutants and their therapeutic profiles [17, 80, 83] . Given the highly constrained nature of protegrin peptides due to the presence of disulfide bonds, homology models based on the known structure of PG-1 are almost certain to be more than adequate as starting points for molecular dynamics simulations (provided, of course, that the mutation does not entail the removal of the disulfide bonds). Although PG-1 has been simulated in both the surface-bound and the membrane-inserted state, the transition between these two states has yet to be investigated. PMF calculations of the types presented by Vivcharuk and Kaznessis [102, 103] or Rui and Im [86] would be of particular interest, as they would provide both structural and thermodynamic data for this process. Similarly, although membrane-inserted PG-1 dimers as well as transmembrane pores have been studied separately, the process of higher oligomerization and water permeation remains unclear. Longer simulations of higher oligomers (octamers and decamers) embedded in lipid bilayers may provide clues to the events responsible for water permeation, lipid tilting into the toroidal configuration and ultimately pore formation. Such simulations have been reported for melittin [89] and the magainin MH-2 peptide [68] , albeit using a coarse-grained force field in the latter case.
Finally, one of the most obviously deficient areas of knowledge about PG-1 relates to its mechanism of toxicity. This is true for most other AMPs as well, both on the experimental and the computational side. NMR investigations discussed earlier have shown that PG-1 binds in fundamentally different ways to 3:1 POPE:POPG bacterial membrane mimicking lipid bilayers as compared to 1:1 POPC:cholesterol mammalian-mimicking lipid bilayers [74] . This may represent a fortuitous finding in terms of the potential to engineer peptides that retain their natural efficacy against bacterial cells and exhibit much lower toxicity toward mammalian cells, but, as far as we are aware, no other major findings on the toxicity mechanism of protegrins have been reported. A simple starting point for simulations in this area may be the comparison of membrane properties from simulations of a 1:1 POPC:cholesterol lipid bilayer to simulations that include membrane-bound PG-1 dimers. Addi-tionally, dimerization and higher oligomerization on the surface of these bilayers may represent a key step of the toxicity mechanism, and is highly amenable to study by molecular simulations of the types described herein (ranging from regular MD simulations of surface-bound dimers to PMF calculations relating to membrane adsorption and oligomerization in the presence of these bilayers). In all cases, the recent release of the updated CHARMM c36 lipid force field [53] provides an exciting opportunity for more accurate simulations of peptide-lipid systems, while circumventing the issues associated with the choice of ensembles. It is hoped that the research reviewed herein offers a comprehensive view of computational investigations of PG-1 to date, and thereby provides a useful guide to future work in this area.
